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Introduction: Endometrial decidualization and associated extracellular matrix (ECM) remodeling are
critical events to the establishment of the maternalefetal interface and successful pregnancy. Here, we
investigated the impact of type 1 diabetes on these processes during early embryonic development, in
order to contribute to the understanding of the maternal factors associated to diabetic embryopathies.
Methods: Alloxan-induced diabetic Swiss female mice were bred after different periods of time to
determine the effects of diabetes progression on the development of gestational complications.
Furthermore, the analyses focused on decidual development as well as mRNA expression, protein
deposition and ultrastructural organization of decidual ECM.
Results: Decreased number of implantation sites and decidual dimensions were observed in the group
mated 90e110 days after diabetes induction (D), but not in the 50e70D group. Picrosirius staining
showed augmentation in the ﬁbrillar collagen network in the 90e110D group and, following immuno-
histochemical examination, that this was associated with increase in types I and V collagens and decrease
in type III collagen and collagen-associated proteoglycans biglycan and lumican. qPCR, however,
demonstrated that only type I collagen mRNA levels were increased in the diabetic group. Alterations in
the molecular ratio among distinct collagen types and proteoglycans were associated with abnormal
collagen ﬁbrillogenesis, analyzed by transmission electron microscopy.
Conclusions: Our results support the concept that the development of pregnancy complications is
directly related with duration of diabetes (progression of the disease), and that this is a consequence of
both systemic factors (i.e. disturbed maternal endocrineemetabolic proﬁle) and uterine factors, including
impaired decidualization and ECM remodeling.
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The outcome of pregnancies complicated by type 1 diabetes
includes a higher incidence of malformations, intrauterine growth
restriction and preterm labor [1]. Although evidence indicates that
the maternal environment plays a key role in the development of
diabetes-associated embryopathies [2], there is limited information
about the impact of diabetes on the maternalefetal interface.
In order to support embryo implantation and development, the
human and rodent endometrium undergoes a series of biological
events, collectively known as decidualization [3e5]. Upon decidu-
alization, a remarkable remodeling of the extracellular matrix
(ECM) occurs [3e5]. In mice, one of the most striking events is the
increase in the diameter of collagen ﬁbers [6,7]. Radioautographical
Table 1
Pathophysiologic and reproductive parameters of control and diabetic groups.
Control 50e70D 90e110D
Glycemia (mg/dl) 114.2  10.25 498.2  74.54a 513.7  48.20a
Insulinemia (ng/ml) 1.9  0.24 nd nd
Glycosuria (mmol/l) nd 278 278
Body weight (g) 31.3  1.86 25.2  2.79a 23.9  0.85a
Decidua (mm2) 5.45  0.76 5.6  0.81 3.84  0.65b,d
Relation BW/DD 0.172  0.021 0.222  0.03c,e 0.161  0.028
Implantation sites 14.5  0.5 13.8  2.9 10.2  1.04b,d
Data are expressed as mean  SEM.
a ¼ p < 0.001 vs. control group.
b ¼ p < 0.01 vs. control group.
c ¼ p < 0.05 vs. control group.
d ¼ p < 0.01 vs. 50e70D group.
e ¼ p < 0.01 vs. 90e110D group.
nd ¼ not detected.
BW/DD ¼ body weight/decidual dimensions.
Modiﬁed from: Favaro et al. (2010).
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Immunohistochemical and biochemical studies showed that
collagen types I, III and V are the major components of the thick
collagen ﬁbrils identiﬁed in the mouse decidua [9e11]. In addition,
the expression and deposition of small leucine-rich proteoglycans
(SLRPs) decorin, biglycan, ﬁbromodulin and lumican are profoundly
modulated by decidualization [12]. Biglycan co-localizes with thick
collagen ﬁbrils, whereas decorin is found interacting with the
thinner ones in the non-decidualized endometrial stroma [13]. The
uterus of decorin-deﬁcient mice has collagen ﬁbrils with larger
diameter and irregular proﬁle, indicating the participation of SLRPs
in endometrial collagen ﬁbrillogenesis [14]. Furthermore, inter-
leukin 11 (IL11) receptor a-deﬁcient mice are infertile due to
impaired implantation and decidualization [15]. A further study
revealed that impaired decidualization was associated with alter-
ations in decidual ECM remodeling [16]. Taken together, these
studies indicate that ECM remodeling is essential for successful
decidualization, and that the decidua is decisive for the establish-
ment of a functional maternalefetal interface.
Previous studies indicate that diabetes impairs decidualization
and creates a pro-inﬂammatory uterine environment by increasing
reactive oxygen species, pro-inﬂammatory cytokines and prosta-
glandins, nitric oxide [17], as well as disturbed levels and activity of
matrix metalloproteinases (MMPs) and tissue inhibitors of metal-
loproteinases (TIMPs) [18], indicating that the ECMmay be affected
by this condition. In order to verify this hypothesis, we investigated
decidual development and ECM remodeling during early embry-
onic development in a mouse model of pregnancy complicated by
long-term type 1 diabetes.2. Material and methods
2.1. Induction of diabetes
All experiments were approved by the Animal Ethics Committee of the Institute
of Biomedical Sciences of the University of São Paulo (144/2002).
Diabetes was induced in sixty day-old Swiss female mice by a single intravenous
injection of alloxan, 40 mg/kg (Sigma, USA), at least 16 h after food deprivation.
Control mice were injected with physiological saline alone. Females with non-
fasting glycemia >400 mg/dl were selected for this study. In order to conﬁrm the
maintenance of the diabetic state, glycemia, glycosuria, ketonuria and body weight
were evaluated every 25 or 30 days, and also at the moment of sacriﬁce. Insulinemia
was measured by radioimmunoassay according to the instructions of the manu-
facturer (Linco Research Inc., USA). Food andwater supplywas constantlymonitored
as well as the animal housing was frequently cleaned due to excessive production ofFig. 1. Representative cross-sections of implantation sites from control (n ¼ 5), 50e70D
endometrium (D) are affected only in the latter. Blood vessels (asterisks), Embryo (E) and Murine and excrements by diabetic females. No insulin was administered to the dia-
betic females.
2.2. Mating schedule
Females were divided into three groups according to the breeding attempt: (i)
50e70 days after diabetes induction (D), (ii) 90e110D and (iii) 120e140D. Control
and diabetic females were bred with normoglycemic males. Control females were
bred 90e110 days after saline injection, which was the longest duration of diabetes
analyzed in pregnant animals. After 3-h mating the presence of a vaginal plug was
considered zero hour of pregnancy. Uterine samples from control (n ¼ 5), 50e70D
(n ¼ 5) and 90e110D (n ¼ 9) groups were collected at 168 h of pregnancy (hp)
(approximately day 7e8 of pregnancy when vaginal plug is considered day 1). Non-
pregnant uteri from 120 to 140D group (n ¼ 3) were collected, to conﬁrm the
anestrous state.
2.3. Tissue collection and processing for light and transmission electron microscopy
After anesthesia with Avertin (0.025 ml/g body weight) (Sigma), a 2% (w/v)
papaverin (Sigma) solution in distilled water was dripped onto the uterine horns
prior to dissection to avoid undesired myometrial contractions. Three implantation
sites from the uterus of eachmouse were randomly selected and ﬁxed by immersion
in Methacarn solution (absolute methanol, chloroform and glacial acetic acid; 6:3:1)
for 3 h at 4 C, and processed for parafﬁn-embedding. These samples were sub-
mitted to Picrosirius staining for identiﬁcation of ﬁbrillar collagens and immuno-
histochemistry procedures for detection of speciﬁc collagens and proteoglycans.
For transmission electron microscopy (TEM) uterine fragments were ﬁxed by
immersion in Karnovsky’s solution, post-ﬁxed with 1% (w/v) osmium tetroxide and
embedded in Spurr resin. Thin sections (50 nm thick) were stained with uranyl(n ¼ 5) and 90e110D group (n ¼ 9) showing that dimensions of the decidualized
yometrium (M). Picrosirius-hematoxylin. Scale bar ¼ 200 mm.
Fig. 2. Picrosirius staining plus polarized microscopy. The upper section contains representative cross-sections of implantation sites of control (n ¼ 5) and 90e110D group (n ¼ 9)
showing that ﬁbrillar collagen is similarly distributed in the decidua of these groups. Myometrium (M). Scale bar ¼ 100 mm. White boxes are inserted on the antimesometrial
decidua, located at the interface with the embryo (E), indicating the region analyzed in detail in the following ﬁgures at higher magniﬁcations. Observe the increased deposition of
ﬁbrillar collagen in the 90e110D group compared to the control. Scale bar ¼ 50 mm.
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mission electron microscope.
2.4. Immunohistochemistry for collagens and SLRPs
Collagens and proteoglycans were localized by immunoﬂuorescence and
immunoperoxidase techniques, respectively. The procedures were comprehensively
described elsewhere [11,12,20]. The antibodies and methods of antigen retrieval
used are summarized in Supplementary Table 1.
2.5. mRNA extraction and qPCR
qPCR experiments were performed following previous reports from our group
[21e23]. Primers used in this study are listed in Supplementary Table 2. Two
randomly selected decidual samples containing embryos and free of the myome-
trium per animal were used for qPCR experiments. Total RNA was extracted using
the Precellys 24 homogenizer (Bertin Technologies, France) and Trizol reagent
(Invitrogen, USA), following the manufacturer’s instructions. The absorbance ratio
A260/A280, analyzed by NanoDrop spectrophotometer (Thermo Scientiﬁc, USA), was
1.97  0.03 for control and 1.98  0.02 for diabetic group. Reverse transcription was
performedwith AfﬁnityScript QPCR cDNA Synthesis kit (Stratagene, USA) and 1 mg of
total RNA. qPCR reactions were performed with Qiagen Rotor-Gene Q (Qiagen,
Germany) and SYBR Green PCR Master Mix (Stratagene). Values of the target genes
were normalized to the expression of the reference gene and the results were
expressed as fold-change, using the DDCT method.
2.6. Detection of IL11 by ELISA
Two randomly selected decidual samples containing embryos and free of the
myometrium from each female were homogenized in a Precellys homogenizer in
10% (w/v) of PBS (pH 7.4) containing protease inhibitor cocktail (Roche). Homoge-
nate was centrifuged at 3000 rpm for 10 min (4 C) and the supernatant was
collected. A speciﬁc two-site sandwich ELISA using mouse monoclonal antibody
anti-IL11 (MAB4181 e R&D Systems, USA) and goat biotinylated antibody anti-IL11
(BAF418 e R&D Systems) was performed according to instructions provided by
the manufacturer. Binding of biotinylated antibody was detected using streptavidin-peroxidase complex (Amersham Int., UK) and TMB (3,30 ,5,50-tetramethylbenzidine)
substrate solution containing H2O2. Samples were quantiﬁed by comparison with
standard curves of recombinant mouse IL11 (418-ML e R&D Systems). Detection
limits were 0.125 ng/ml.2.7. Histomorphometry
For the histomorphometrical analysis of the decidua, 10e15 samples were used
per group. Measurements were performed in cross-sections of parafﬁn-embedded,
Picrosirius-hematoxylin stained implantation sites, containing embryos (considered
as midpoints of the implantation sites). The area of staining of ECM components was
quantiﬁed in at least 10 immunohistochemical samples per group, and the datawere
presented as percentages of the total area analyzed in the sections. The analyses
were carried out using ImagePro Plus software (Media Cybernetics, USA).2.8. Statistical analysis
Data were expressed as means  standard error of means. Statistical analyses
were performed by GraphPad Prism 5 (GraphPad Software, USA) using Student’s t
test when comparing two distinct groups or one-way analysis of variance (ANOVA)
followed by Tukey-multiple comparison test, when multiple comparisons were
performed. Values of p < 0.05 were considered statistically signiﬁcant.3. Results
3.1. Pathophysiologic and reproductive parameters
Diabetic females of both groups, 50e70D and 90e110D, showed
elevated levels of glycemia, glycosuria, hypoinsulinemia and
decreased body weight. No ketonuria was detected in these fe-
males. The pathophysiologic and reproductive parameters are
summarized in Table 1.
Fig. 3. Representative immunoﬂuorescences for types I, III and V collagens of control (n ¼ 5) and 90e110D group (n ¼ 9). Type I collagen is immunodetected exclusively around
decidual cells, whereas types I and III collagens were also found in the region of basement membranes of blood vessels. Note in the 90e110D group the increased deposition of types
I and V collagens, and decreased deposition of type III collagen around decidual cells at the interface with the embryo (E). Arrows indicate the decidual ECM and arrowheads the
region of basement membranes of blood vessels. Scale bar ¼ 40 mm.
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on the reproductive performance and development of gestational
complications, females were bred after different periods of diabetes
induction. No differences were observed in the number of im-
plantation sites and decidual dimensions in the group bred 50e
70D. On the other hand, females of the 90e110D group showed a
signiﬁcant decrease in both the number of implantation sites and
decidual dimensions. No macroscopic alterations were observed in
implantation sites obtained from diabetic and control groups.
Decreased decidual dimensions were not associated with lower
body weight in the diabetic females. Compared to the control, both
50e70D and 90e110D groups had decreased body weight, but only
the latter showed alteration in decidual dimensions leading to an
increased relation between decidual dimension vs. body weight in
the 50e70D compared to the other groups (Table 1 and Fig. 1).
Moreover, 20e30% of the diabetic females from the 90e110D group
that bred (presence of vaginal plug) showed no implantation sites
at 168 hp. From 120D onward, mortality increased substantially and
most of females were anestrus, as determined by vaginal smear and
atrophy of uterine horns (data not shown). From these observations
we concluded that 90e110D is the longest period in which Swiss
female mice are capable of mating successfully through thisexperimental diabetes approach. Thus, the 90e110D group was
chosen to explore in depth the impact of long-term type 1 diabetes
on the uterine environment.
3.2. Deposition of collagens and proteoglycans
Fibrillar collagen content, identiﬁed by Picrosirius staining plus
polarized microscopy, was observed surrounding mature decidual
cells located at the interface of the decidua with the embryo.
Although distribution was similar, deposition of collagen increased
in the 90e110D group (15.03  1.65% vs. 7.46  0.64%; p ¼ 0.002)
(Fig. 2). As Picrosirius staining represents the total ﬁbrillar collagen
network, immunohistochemistry was employed to investigate the
contribution of speciﬁc collagen types (I, III and V) to the increase in
collagen content detected in the 90e110D group. Collagen type I
was immunodetected around decidual cells, whereas collagen
types III and Vwere found around decidual cells and in the region of
basement membrane of blood vessels. Diabetes increased the
proportion of collagen types I (59.27  5.32% vs. 43.43  4.16%;
p¼ 0.0409) and V (24.82 2.18% vs. 16.72 0.88%; p¼ 0.0049) and
decreased collagen type III deposition (24.17  1.46% vs.
28.94  1.19%; p ¼ 0.0298) (Fig. 3).
Fig. 4. Representative immunoperoxidases for biglycan and lumican counterstained with Mayer’s hematoxylin of control (n ¼ 5) and 90e110D group (n ¼ 9). Note in the 90e110D
group the decreased deposition of both molecules in the decidual ECM (arrows). Colors were inverted to highlight the staining against a dark background. Scale bar ¼ 40 mm.
Fig. 5. mRNA expression of Col1a1, Col3a1 and Col5a1 as well as Bgn and Lum in the
decidua of control and 90-110D group. Only Col1a1 mRNA levels were increased in the
90e110D group. Values represent the mean  SEM. **p  0.01.
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lated with alterations in collagen-associated proteoglycans, depo-
sition of biglycan, decorin, ﬁbromodulin and lumican was
investigated by immunohistochemistry. Only biglycan and lumican
were present in the decidualized endometrium of both control and
90e110D group. In the latter, however, deposition of biglycan
(9.38 0.81% vs.15.61.4%; p¼ 0.0025) and lumican (4.38 0.75%
vs. 14.11  1.55%; p ¼ 0.001) was clearly reduced (Fig. 4).
3.3. mRNA expression of ECM molecules
mRNA levels of collagens and proteoglycans were analyzed by
qPCR to investigate whether the alterations in deposition of these
molecules observed in the diabetic group are mirrored by alter-
ations in gene expression. It was found that only Col1a1 mRNA
levels signiﬁcantly increased in the 90e110D group (2-fold;
p < 0.01), whereas no signiﬁcant differences were observed for the
other genes studied (Fig. 5).
3.4. Ultrastructural analysis of collagen ﬁbrils
Transmission electron microscopy was used to analyze whether
the alterations observed in the molecular composition of collagens
and proteoglycans impaired collagen ﬁbrillogenesis. In the control
group, cross-sectioned collagen ﬁbrils were thick with irregular
proﬁles. In the 90e110D group, some collagen bundles were similar
to the control and some were formed predominantly by thinner
ﬁbrils (Fig. 6).
3.5. IL11 levels
Considering that IL11 receptor a-deﬁcient mice show alterations
in the endometrial ECM [16], we veriﬁed whether altered deposi-
tion of ECM molecules detected in diabetic females was associatedwith the levels of IL11. No signiﬁcant differences between control
(5.05  0.56 ng/ml) and 90e110D group (5.7  0.76 ng/ml) were
detected by ELISA.4. Discussion
The present and a previous study by our group [19] consolidate
the establishment of a mouse model of long-term type 1 diabetes
speciﬁcally delineated to reproductive investigations. Diabetic fe-
male mice exhibited the pathophysiological features of human type
1 diabetes. Furthermore, considering the high levels of glycemia,
the hypoinsulinemia, duration of diabetes and development of
diabetic vascular complications in the myometrium [19] as hall-
marks, this animal model reproduces characteristics comparable to
those of women with poorly controlled long-term type 1 diabetes
Fig. 6. Representative transmission electron microscopy of control (n ¼ 5) and 90e110D group (n ¼ 9) showing cross-sectioned collagen ﬁbrils. In the 90e110D group collagen ﬁbrils
are either similarly thick (a) (arrows), as observed in the control group, or formed predominantly by thinner ﬁbrils (b) (arrowheads). Magniﬁcation: 30,000.
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mice as far as 110D makes possible to investigate them at different
time points in the course of diabetes, depicting the relation be-
tween progression of the disease and pregnancy outcome. In
addition, the possibility to maintain them without insulin
replacement may be useful to determine the effects of this hor-
mone on the development of diabetes-associated reproductive
complications.
As stated by Nathanielsz (2006) [24], very few experimental
studies have attempted to evaluate the effects of altered maternal
status before conception on pregnancy outcome. This is particularly
relevant in the context of type 1 diabetes where pregnancies may
occur several years after disease onset. Pioneer studies by White
(1949) [25] and later by Pedersen et al. (1964) [26] and Karlsson and
Kjellmer (1972) [27], highlighted the severity and duration of the
disease, as well as the presence of vasculopathy as major risk fac-
tors responsible for adverse outcome in diabetic pregnancies.
However, the contribution of these factors to the development of
pregnancy complications has not been adequately explored in an-
imal models. Comprehensive reviews of such models can be found
in Kalter (1996) [28] and Jawerbaum and White (2010) [29].
In thepresent study, durationof diabeteswasdemonstrated tobe
directly associated with the development of complications in preg-
nancy. Females of the 50e70D group did not show signiﬁcant al-
terations in the number of implantation sites and decidual
dimensions, whereas those of the 90e110D group had fewer im-
plantation sites and impaired decidualization. We have also previ-
ously shown the development of diabetic complications in the early
pregnant myometrium. According to its duration, diabetes pro-
motededemabetweenmuscle layers, indicating thedevelopmentof
vasculopathy, which was followed by ﬁbrosis and atrophy of the
myometrium [19]. Overall, these experimental data support previ-
ous clinical reports and highlight the importance of the temporal
factor (duration of the disease) in regard to the evaluation of results
obtained in animal models of pregnancy complicated by diabetes.
Previous results from the literature showed impaired decidu-
alization (artiﬁcially induced) in diabetic females [30,31]. Our re-
sults expand these data showing that impaired decidualization by
diabetes is associated to disturbances in the structure and
composition of decidual ECM deposited at the maternalefetal
interface during early embryonic development. Interaction be-
tween trophoblast cells and the decidual ECM plays a major role on
trophoblast differentiation and function [32]. Its importance can be
demonstrated by the addition of integrin blocking antibodies to the
embryos culture medium, leading to inhibition of their outgrowth
[33]. Thus, it is reasonable to suggest that impaired decidualization
and ECM remodeling, as demonstrated in this study, may have a
profound impact on the maternalefetal interface, contributing to
the anomalies in embryo development associated with diabetic
pregnancies. Preliminary results, obtained at term pregnancies in
this animal model (90e110D), showed an increased number of fetaldeaths and malformations as well as intrauterine growth restric-
tion (unpublished data). Reduced number of implantation sites in
the 90e110D group may be associated with impairments in the
molecular and morphological events related to the acquisition of a
receptive endometrium to implantation, as described in nonobese
diabetic (NOD) mice [31]. In addition, the elevated rates of anes-
trous observed in the diabetic females of the 120e140D can be
attributed to alterations in the neuroendocrine structures that
control the reproductive cycle and/or ovarian functions [34,35].
It is well established that diabetes promotes alterations in the
ECM of blood vessels [36], placenta [37] and kidneys [38,39]. In the
diabetic nephropathy, the amount of collagen types IV and V, nor-
mally present in the glomerulus, is increased, whereas types I and III
appear at advanced stages of the disease. Increased mRNA levels of
Bgn,Dcn, Fmod and Lumwere also described. However, concomitant
increase in the protein deposition of these molecules was only
detected at later stages of nephropathy [38]. In the present study,
increased deposition of collagen types I and V and decreased
deposition of collagen type III, biglycan and lumicanwas observed in
the decidua of the diabetic group. In addition, no correlation was
observed betweendeposition of ECMmolecules and levels ofmRNA,
except for collagen type I, indicating that posttranscriptional
mechanisms regulate decidual ECM composition. For instance,
mRNA stability [23] and the activity of ECM degrading enzymes
should be considered. Alterations on MMPs and TIMPs were
described in the decidua of diabetic rats [18], showing that alter-
ations in the turnover of ECMmoleculesmay contribute to impaired
decidual ECM. Furthermore, studies from our group demonstrated
that SLRPs are modulated in the mouse uterine tissues during the
estrous cycle [20], early pregnancy [12] and are regulated by steroid
hormones estrogen andprogesterone [22]. Thus, disturbances in the
ovarian steroid hormones levels [30,31] and expression of proges-
terone receptors A and B reported in the uterus of diabetic pregnant
animals [31] may account for the alterations in the decidual ECM.
Indeed, estradiol supplementation attenuates progression of dia-
betic nephropathy by regulating TGF-beta expression, its down-
stream signaling pathway and ECM composition [39].
Diabetes-associated alterations in collagen ﬁbrillogenesis have
been described in human Achilles tendon [40], rat tail tendon [41]
and rat prostate [42]. Collagen ﬁbrillogenesis is a complex process
regulated by several factors, such as different combinations and
amounts of collagen types [43] and proteoglycans [44]. In addition,
in pathological states such as diabetes, non-enzymatic glycation
may also inﬂuence collagen ﬁbrillogenesis by affecting the inter-
action between collagens and proteoglycans [41,45]. Taken our re-
sults together, we suggest that alterations in collagen ﬁbrillogenesis
observed in the diabetic group are associated with changes in the
molecular ratio among distinct collagen types and associated
proteoglycans.
Taken together, our results support the concept that the devel-
opment of pregnancy complications is directly related with the
R.R. Favaro et al. / Placenta 34 (2013) 1128e11351134duration of the diabetes (i.e. progression of the disease), and that
this is a consequence of both systemic factors, such as altered
maternal endocrineemetabolic proﬁle (hyperglycemiaehypo-
insulinemia), and local factors in the uterus, including impaired
decidualization and ECM remodeling at the maternalefetal inter-
face. Therefore, we suggest that glycemic levels must be tightly
controlled, as soon as diabetes develops, to delay the onset and
progression of diabetic complications, not only in the eyes, kidneys
and nerves [46] but also in the reproductive system, in order to
prevent adverse pregnancy outcomes.
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